Lignin peroxidase from Phanerochaete chrysosporium was used to study the oxidation of aromatic compounds, including polycyclic aromatic hydrocarbons and heterocyclic compounds, that are models of moieties of asphaltene molecules. The oxidations were done in systems containing water-miscible organic solvents, including methanol, isopropanol, N,N-dimethylformamide, acetonitrile, and tetrahydrofuran. Of the 20 aromatic compounds tested, 9 were oxidized by lignin peroxidase in the presence of hydrogen peroxide. These included anthracene, 1-, 2-, and 9-methylanthracenes, acenaphthene, fluoranthene, pyrene, carbazole, and dibenzothiophene. Of the compounds studied, lignin peroxidase was able to oxidize those with ionization potentials of <8 eV (measured by electron impact). The reaction products contain hydroxyl and keto groups. In one case, carbon-carbon bond cleavage, yielding anthraquinone from 9-methylanthracene, was detected. Kinetic constants and stability characteristics of lignin peroxidase were determined by using pyrene as the substrate in systems containing different amounts of organic solvent. Benzyl alkylation of lignin peroxidase improved its activity in a system containing water-miscible organic solvent but did not increase its resistance to inactivation at high solvent concentrations.
The use of fossil fuels for energy and as raw materials during the last century has been the origin of some widespread environmental pollution. Among these pollutants are the polycyclic aromatic hydrocarbons (PAHs) that are considered to be potential health risks because of their possible carcinogenic and mutagenic activities.
The ability of ligninolytic fungi to attack organic pollutants and xenobiotics has been studied (14, 18, 29) , and the capacity to biotransform and biodegrade PAHs has been investigated. Among the PAHs studied are acenaphthene (33) , anthracene (20) , benzo[a]pyrene (2, 36) , biphenyl (41) , fluoranthrene (32) , fluorene (16) , methylanthracenes (6) , phenanthrene (19, 29, 38) , pyrene (22, 25) , some monoaromatic compounds (47) , and the PAH components of the anthracene oil from coal tar distillation (1) .
The white-rot fungus Phanerochaete chrysosporium is capable of degrading the lignin present in woody plant tissue by means of the extracellular enzymes (9, 21) , and lignin and manganese peroxidases are thought to be major components of the degradation system in vivo. Recently, Hammel et al. (21) clearly demonstrated the role of lignin peroxidase in the breakdown of synthetic lignins (average molecular weight, 4,200) in vitro. P. chrysosporium can also metabolize several PAHs, but the role of lignin peroxidases in the oxidations of these compounds appears to vary (19, 36, 38, 47) . For example, anthracene was oxidized by cultures of P. chrysosporium and by purified lignin peroxidase (20) , whereas phenanthrene was metabolized by cultures of P. chrysosporilim, but neither the culture supernatant, containing extracellular enzymes, nor purified lignin peroxidase was able to modify phenanthrene (19, 38 ). An intracellular cytochrome P-450 system has been proposed to be involved in phenanthrene degradation by P. chrysosporium (38) . However, the intermediates formed could not be attributed to mono-oxygenases (19) . Other unidentified enzymes are probably involved. In contrast, lignin peroxidase oxidized benzo [a] anthracene (22) , benzo[a]pyrene (14, 22, 36) , and pyrene (22, 25) in vitro. The ability of purified lignin peroxidase to oxidize some PAHs was determined by measuring changes in their UV-visible spectra (22) . This was correlated with the ionization potentials of the PAHs, i.e., with the energy required to remove an electron and form the PAH cation radical. Those PAHs with an ionization potential lower than 7.55 eV were modified (22) . The values of ionization potentials used were obtained from the charge-transfer absorption spectra and from polarographic data and are sometimes as much as 0.5 eV lower than those obtained by the electron-impact method (27, 35) .
Our recent work has focused on the biocatalytic modifications of asphaltenes (12) , with the long-term goal of "biocracking" this material as a means of upgrading heavy oils and bitumens that are abundant in Alberta, Canada. Strausz et al. (37) have proposed a structure for a hypothetical asphaltene molecule (molecular mass, approximately 6,100 Da) that contains a variety of ring structures connected by methylene bridges of various lengths (2 to 24 carbons). The ring structures are not highly condensed and include alicyclic and aromatic moieties, some of which contain heteroatoms, with sulfur being most abundant.
To hasten the biocatalytic activities on asphaltenes, these large, highly hydrophobic molecules must be dissolved in organic solvents to minimize mass transfer limitations. Therefore, we have studied the effect of organic solvents on the enzymatic activity of peroxidases (12, 42) and cytochrome c (43, 44) . In a previous study, the oxidation of a variety of model sulfur-containing compounds was demonstrated (44) integrator (Hewlett-Packard 3390A) after calibration with standards. Pyrene oxidation was monitored spectrophotometrically as a decrease in A335 and by using 32,600 M1-cm-l as the extinction coefficient, which was experimentally determined when no cosubstrate was present. All reactions were done in triplicate, and the mean and standard deviations are reported.
To obtain enough products for their identification, 10-ml reaction mixtures containing 20 ,uM aromatic compounds were treated with enzyme and hydrogen peroxide. Because the enzyme is inhibited by hydrogen peroxide (39) , three additions of 740 pmol of lignin peroxidase and 300 nmol of hydrogen peroxide were made at 1-h intervals to ensure that nearly all of the aromatic compounds reacted. The reaction mixtures were then saturated with NaCl and extracted five times with 2 ml of toluene. The extracts were combined, dried over Na2SO4, and concentrated under N2 prior to analysis by gas chromatography (GC). The products from pyrene were fractionated on a silica gel column (1 by 25 cm) eluted with a gradient of 0 to 100% methanol in methylene chloride, and the fractions were monitored at A255. The fractions containing the isolated products were dried under N2 and analyzed by high-resolution mass spectrometry (Mass Spectrometry Laboratory, Department of Chemistry, University of Alberta).
The stability of lignin peroxidase was measured by incubating the reaction mixture, containing 15% tetrahydrofuran and 30 ,uM hydrogen peroxide, for different times. The reaction was started by adding 20 benzaldehyde was done by using sodium cyanoborohydrate (42) . Polyethylene glycol-modified lignin peroxidase was prepared at pH 4.0 by using polyethylene glycol dialdehyde (43) .
The concentrations of unmodified and modified lignin peroxidase were estimated by protein measurement with the Bio-Rad procedure and by spectrophotometry using an extinction coefficient of 168,000 M`-l cm-' at 409 nm (9 The GC analyses were performed with a Hewlett-Packard (model 5730) gas chromatograph equipped with a flame ionization detector. The oven temperature was held at 150°C for 2 min and then programmed at 4°C per min to 250°C and held for 16 min. The proportions of products formed by the enzymatic oxidations were calculated for the peak areas from GC analyses, assuming an equal response factor for each product. The method used for electron impact ionization GC-mass spectrometry was described previously (13) . Some samples were analyzed by GC-Fourier transform infrared spectroscopy to help identify the products (11) .
The ionization potentials of the aromatic compounds studied were estimated by using the charge-transfer absorption spectra of a complex with chloranil (15) . For this determination, equal volumes of chloroform solutions of each aromatic compound (0.1 M) and chloranil (saturated solution) were used.
RESULTS
The activities of lignin and manganese peroxidases and the crude extract from P. chrysosporium were tested on anthracene in a system containing 10% tetrahydrofuran and 100 puM 3-chloroperoxybenzoic acid. The specific activity for the oxidation of anthracene by lignin peroxidase was 550 ( ± 15) p.mol min-1 g of protein-1, and that by the crude extract was 300 ( ± 20) p.mol min-1 g of protein-l. Manganese peroxidase did not oxidize anthracene in the presence of 100 p.M Mn2" under the experimental conditions used, even though it has a more positive oxidation-reduction potential than lignin peroxidase (-88 mV and -137 mV, respectively) (28) . As expected, the partially purified lignin peroxidase showed higher specific activity than the crude extract.
The effect of pH on lignin peroxidase activity was determined by using pyrene as the substrate in a reaction mixture containing 10% tetrahydrofuran ( The maximum values of kcat in different solvents were in the following order: isopropanol > acetonitrile > tetrahydrofuran > N,N-dimethylformamide. In this study, we focused on solvent systems containing tetrahydrofuran because it is the only water-miscible organic solvent able to dissolve an appreciable amount of asphaltenes (43) .
Twenty aromatic compounds, including PAHs, methyl-substituted PAHs, fused-ring hydrocarbons, polyphenylalkanes, and heterocycles (Table 2) , were tested for oxidation by lignin peroxidase in 10% tetrahydrofuran. Nine of these were oxidized by the enzyme in the presence of hydrogen peroxide. Each of the compounds oxidized by lignin peroxidase had an ionization potential of <8.0 eV, as determined by electron impact (Table 2) . Pentacene, which has the lowest ionization potential (6.55 eV by electron impact) was oxidized by the hydrogen peroxide (30 ,uM) alone. In the presence of both hydrogen peroxide and lignin peroxidase, the extent of this oxidation was reduced, probably because of a competitive reaction between lignin peroxidase and hydrogen peroxide.
In the presence of hydrogen peroxide and lignin peroxidase, the rate of this oxidation was decreased. In general, the lower the ionization potential of the aromatic compound, the higher the specific activity of the lignin peroxidase reaction (Fig. 2) . The ionization potential of 8.0 eV (by electron impact) appeared to be a threshold, and none of the compounds tested that had ionization potentials of >8.0 eV was transformed by lignin peroxidase.
The ionization potentials determined from the charge-transfer absorption spectra of the aromatic compounds by using chloranil are also shown in Table 2 . The values that were determined are in good agreement with those found in the literature (27, 35) . The aromatic compounds that were transformed by the lignin peroxidase had ionization potentials between 7.26 and 8.15 eV (by charge transfer). However, several of the compounds that did not react had ionization potentials in this range (Table 2) based on these ionization potentials, was not observed. Figure  2 also includes the specific activities for lignin peroxidase oxidation of the nine reactive compounds plotted versus the ionization potential determined by charge transfer. Again, there is a general trend of higher specific activity with lower ionization potential. Many of the products resulting from the lignin peroxidase reactions with the aromatic compounds were identified by mass spectrometry or GC-mass spectrometry. The major ions of the products are listed in Table 3 . The product of anthracene oxidation was thought to be anthraquinone. Indeed, it had the same GC retention time and mass spectrum as an authentic standard of 9,10-anthraquinone. This mass spectrum (Table 3) showed the characteristic biphenylene ion (mlz = 152) which forms by the ejection of two molecules of carbon monoxide from the two keto groups of a quinone (34) . By using mass spectrometry, Hammel et al. (20) also identified 9,10-anthraquinone as the oxidation product from anthracene.
The products of lignin peroxidase oxidation of 1-and 2-methylanthracene had molecular ions at mlz 222, which is 14 mass units greater than that of 9,10-anthraquinone and consistent with the products being 1-and 2-methylanthraquinone, respectively. Ejection of two molecules of carbon monoxide from the keto groups would yield a methylbiphenylene ion (mlz = 166). This ion was observed in the mass spectra of these products (Table 3) .
Three products were detected from the oxidation of 9-methylanthracene. The mass spectrum of one product matched that of authentic anthraquinone. The molecular ion of the second oxidation product was at mlz 206, and this compound is believed to be 9-methyleneanthranone. The intense ion at mlz 178 would result from the loss of CO, and the biphenylene ion (mlz = 152) that was observed would result from the subsequent loss of C2H2. The mass spectrum of the third oxidation product showed a weak molecular ion at m/z 210. The base peak was at mlz 209, indicating the presence of a labile hydrogen atom. The product reacted with N,Obis(trimethylsilyl)acetamide, in a silylation reaction, giving a derivative with a molecular weight of 282. The results were consistent with this product being 9-methanol-9,10-dihydroanthracene.
The mass spectra of the two products from acenaphthene matched those of 1-acenaphthenone and 1-acenaphthenol given by Pothuluri et al. (33) . The product of dibenzothiophene oxidation by lignin peroxidase was its sulfoxide, as determined by comparing the GC-mass spectrometry analysis with a sample of authentic dibenzothiophene sulfoxide.
One product from pyrene oxidation had a molecular ion at m/z 232, which indicated the addition of two oxygen atoms to pyrene. The mass spectrum shows one ion at mlz 204 [(M-28)+], which would be produced by the loss of carbon monoxide, and an intense ion at m/z 176 [(M-56)+], which would result from the ejection of a second molecule of carbon monoxide. The UV spectrum of this product most closely matched that of 1,8-pyrenedione given by Fatiadi (10) . A minor second oxidation product (-10% of total products) was also detected. The mass spectral data of this second product from the pyrene oxidation are given in Table 3 . Upon irradiation with visible light, pyrenediones are reduced to the corresponding dihydroxypyrenes (40) ; thus, this unidentified compound could be a product from the subsequent reduction of 1,8-pyrenedione. Figure 3 summarizes the products identified from the lignin peroxidase reactions with seven of the nine compounds tested. Although fluoranthene and carbazole were oxidized, their products were not identified. The amounts of substrates oxidized (expressed as nanomoles) after three additions of enzyme and hydrogen peroxide are shown on the left side of Fig.  3 , and these amounts were 60 to 100% of the original 200 nmol of substrate in the reaction mixture, as determined by HPLC. The products were detected by GC, and because there was the possibility that some products may have formed that were not amenable to GC analysis, the results shown on the right side of Fig. 3 are the relative amounts of each product observed by the GC analysis.
The rates of pyrene oxidation by lignin peroxidase with different oxidizing agents and cosubstrates were determined, and the specific activities are shown in Table 4 The kinetic constants for the enzymatic oxidation of pyrene by using hydrogen peroxide or 3-chloroperoxybenzoic acid, with or without veratryl alcohol, and in different concentrations of tetrahydrofuran are shown in Table 5 . The presence of veratryl alcohol slightly enhanced the activity (kcat) when hydrogen peroxide was used (Table 5 ), but it offered no protective effect against the inhibitory action of an increase in the tetrahydrofuran concentration, as determined by measuring the reaction velocity over time in the presence and absence of veratryl alcohol (data not shown). This is supported by the lower values of the second-order constants, kcat/Km app' in the reaction containing veratryl alcohol (Table 5 ; Km app is the apparent Kin). At an increased concentration of organic solvent, the value of Km app increased significantly, provoking a decrease of the catalytic efficiency (kcat/Km app). 3-Chloroperoxybenzoic acid showed lower values of kcat and catalytic efficiency than hydrogen peroxide, and no pyrene oxidation could be detected in 20% tetrahydrofuran systems.
With the objective of improving the activity and the stability of lignin peroxidase in the tetrahydrofuran-water systems, two chemical modifications of lignin peroxidase were done. The kinetic constants of pyrene oxidation by the two modified lignin peroxidase preparations are compared with those for the unmodified enzyme in Table 6 . The benzyl modification increased the value of kcat by more than twofold, whereas the polyethylene glycol modification lowered the kcat value below that of the unmodified lignin peroxidase. The chemical modifications did not significantly preserve the enzyme activity in solutions with higher concentrations of tetrahydrofuran (Fig.  4) . DISCUSSION Peroxidases from P. chrysosporium are characterized by their ability to oxidize substrates with high redox potentials, and these enzymes have active sites that are more electron deficient than horseradish peroxidases (28) . Lignin peroxidase activity is affected by the increase in organic solvent concentration ( Table 1 ). The sequence of the maximum kcat values (isopropanol > acetonitrile > tetrahydrofuran > N,N-dimethylformamide) is similar to that found for cytochrome c activity (43) . No activity was found in systems containing more than 30% organic solvent (Table 1) .
Lignin peroxidase oxidation of veratryl alcohol has an apparent optimum near pH 2, with activity rapidly decreasing at lower pH and no appreciable activity at pH values above 5 (39) . With pyrene as the substrate, the greatest lignin peroxidase activity was found at pH 3.5 ( Fig. 1) . This difference could be a product of two factors. First, free radical cations derived from veratryl alcohol do not appear to be released from the enzyme during catalysis, suggesting that the alcohol may react with compound I either directly, to form resting enzyme and aldehyde, an apparent oxygenation reaction, or to form compound II and cation-free radicals (39) . In contrast, other substrates such as PAHs are known to be converted to cation radicals (17, 25) . Second, unlike other peroxidases, no pH dependence was observed for the reaction of ferric lignin peroxidase with hydrogen peroxide to form compound I (3). Thus, the oxidations of veratryl alcohol and pyrene appear to involve different mechanisms.
The capacity of polycyclic aromatic compounds to form radical cations is related to their ionization potential, which depends on the I-electron charge distribution of the compound. The removal of one electron from the 7I-system generates a cation radical. The positions of the highest charge density are the most susceptible to nucleophilic substitution (4) . Ionization potential seems to be important in other VOL. 60, 1994 on January 25, 2018 by guest http://aem.asm.org/ Downloaded from (27, 35) , whereas the values obtained from the electron impact technique commonly vary by <0.1 eV (26) .
The ionization potential of a molecule is defined as the energy required to completely remove an electron from the neutral particle in its ground state. When the ionization potential is obtained by extrapolation of vibrational bands, as in the case of a charge-transfer spectrum, the value is affected by the solvent in the system. This effect could be more important when heteroatom substituents, which affect the electronegativity of the molecule, are present. To the extent that such ions in solution resemble the gaseous ions formed by electron impact, the energies of gaseous ions will be useful in interpreting the mechanism of lignin peroxidase in solvents. However, the electron impact values depend only on molecular characteristics and are not affected by any solvent interaction.
Lignin peroxidase oxidation introduced keto and hydroxyl groups onto many of the aromatic molecules tested (Fig. 3) . Anthracenes were oxidized in positions 9 and 10 to form quinones. 9,10-Anthraquinone was the only product detected in the anthracene oxidation, in agreement with Hammel et al. (20) , whereas 9-methylanthracene oxidation yielded three products, 9-methanol-9-hydroanthracene, 9,10-anthraquinone, and 9-methyleneanthranone. The last product has been found as an oxidation product of 9-methylanthracene in a sodium hypochlorite solution (30) . Of the three isomers of methylanthracene tested, only the methyl carbon from 9-methylanthracene was removed (Fig. 3) . 1-Acenaphthenol and 1-acenaphthenone were the oxidation products from acenaphthene treatment with lignin peroxidase and hydrogen peroxide (Fig. 3) , and these products were detected as metabolites of acenaphthene in a Cunninghamella elegans culture (33) . Pyrenediones were also found by Hammel et al. (22) as major products of pyrene oxidation by lignin peroxidase, and 3,4-pyrene-dihydrodiols were produced during the degradation of pyrene by a Mycobacterium sp. (23) . The sulfur atom was the site of the lignin peroxidase-mediated oxidation of dibenzothiophene, yielding the corresponding sulfoxide, which was also observed as the product of the cytochrome c-mediated oxidation of dibenzothiophene in the presence of hydrogen peroxide (44) .
Lignin peroxidase is inhibited by modest concentrations of hydrogen peroxide, showing a behavior of competitive inhibition (39) . Of the peroxides tested, hydrogen peroxide showed higher activities than the others (Tables 4 and 5 ). The same result was obtained with manganese peroxidase (45) but not with other peroxidases (31) or cytochrome c (44) . Veratryl alcohol improves lignin peroxidase production in cultures (8, 24) , benzo[a]pyrene mineralization in vivo (29) , and the oxidatioin of benzo[a]pyrene by lignin peroxidase in vitro (17) .
However, the presence of veratryl alcohol had no effect on fluorene oxidation in situ (16) (46) and/or the production of veratryl alcohol radicals (39) may play a role in the enhanced activity of lignin peroxidase in a high concentration of organic solvent when veratryl alcohol is present (Table 5) .
Phenol and guaiacol are competitive substrates (Table 3 ). In the presence of guaiacol, the reaction mixture became brown and had an absorbance spectrum similar to those of polymeric guaiacol formed by horseradish peroxidases. Phenol is a wellknown competitive substrate in peroxidase reactions forming o,o'-biphenol (7) .
The value of kcat obtained with pyrene as the substrate (1.3 s-1; Table 5 ) is in the same range as that found for veratryl alcohol (2.9 s-1 at pH 3.5 and 0.8 s-' at pH 4.5) (39). The catalytic efficiency (kcat/Km, app) of pyrene oxidation with hydrogen peroxide (150 s-mM-) is nearly the same as that of veratryl alcohol oxidation at pH 2.5 (147 s-l mM-) (39) . Benzyl modification of horseradish peroxidase improved its catalytic activity in water-immiscible solvents by increasing the superficial hydrophobicity of the enzyme (42) . The introduction of benzyl groups onto lignin peroxidase improved the enzyme activity in a system containing tetrahydrofuran (Table  6 ). This modification may increase the affinity of the substrate and the enzyme. However, the chemical modification did not protect the enzyme from inactivation by higher concentrations of tetrahydrofuran in the reaction mixture (Fig. 4) .
In conclusion, lignin peroxidase oxidizes several aromatic compounds in reaction mixtures containing tetrahydrofuran. In general, compounds with an ionization potential of <8.0 eV (measured by the electron-impact technique) were oxidized. The products were mainly aromatic ketones and hydroxycompounds. A carbon-carbon bond cleavage was observed leading to the removal of the methyl carbon from 9-methylanthracene. The activity and stability of the enzyme were decreased when the concentration of organic solvent was increased. Finally, reductive alkylation of the enzyme with benzyladehyde improved the activity on pyrene in a reaction mixture containing 10% tetrahydrofuran.
